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We have determined the byperfine interval av aud the muon moment p& =g&'p B/2 from
the frequencies of the two alternative ZeelTlal1 transltioQS in muonlumq working at that
"magic" field where Bv&/BE= Bv2/BE=0. Extrapolating determinations cf b, v in Er and Ar
to zero pressure, we obtain consistent results, yielding jointly av(0) =4468.8022(89)
MHz. Assuming that g, (M) is unsbifted by collisions, we obtain g~/g&' ——206.76609(80),
which corresponds to f&/fp =8.183 873(18). The combinaticn of these results gives u
-137=0.086 54{M) {2.1 ppm in o. ), in good agreement with the recommended value of
0.0M 02(21).

Knowing both the muonium ground-state hyper-
fine interval & v(pe) and the muon magnetic mo-
ment p, „—=g„'pB/2 to high accuracy (say, &5 ppm)
one can —aside from checking the quantum elec-
trodynamics (QED) corrections to b, v(pe) —do
two interesting things: (a) determine, with com-
petltlve precision the fine-structure constRnt
e, from an independent new source, and (b) set
limits on the polarizability of the proton from the
observed ratio 6 v(Pe)/b, v(tLe). To date this pro-
gram could unfortunately not be realized in prac-
tice. While 6 v(lue) has become known with in-
creasing accuracy over the past decade (from 13
ppm in 1964' to 2.0 ppm now), there has been no
corresponding progress in the measurement of
p, „. The most x'ecent published determination'
of p.

&
has an accuracy of 9 ppm, based on a com-

parison of the muon and proton precession fre-
quencies ln wRtex'. This determlnatlonq as well
as any other based on muon precession in rnatter,
furthermore requires a systematic correction,
presumably of the same magnitude, ~ to allow for
differences in magnetic shielding.

We describe here a determination of p„and
b, v from the frequencies of the &eeman (+, M~)
transitions (1, 1)—(1, 0) and (1, —1)—(0, 0) in the
region of intermediate coupling. ' The Breit-
Rabi formula yields for these

v,. = (b, v/2)[1+ (-1)'D(x, G)], j = 1, 2,

with G =g „'(M)/[g„'(M)-g„. (M)], g „(M)= (I-~'/
3)g„', and x = j8 p&[g„'(M)-g, (M)]/h& v. We
choose to work at that "magic" field xo(G) where
BD/Bx =0, i.e., where both v, and vl become, to
first order, field independent. The advantages
of this choice have already been discussed' in

connection with a measurement of v, . At xo v,
and v, depend obviously, aside from proportion-
ality of 4 v, on G alone, as do thei. r sum and dif-
ference. Explicitly, one has

v+ v~+ v2-Avp

v (x,) = v, -v, =26, v[G(I-G)]'",

v /v, = 2[G(1-G)]'".
(2b)

(2c)

Note thRt the x'Rtlo of dlx'ect lntex'est for detex'-
mining g„', (2c), is not affected by the pressure
dependence of Av.

Whi. le it would be adequate to determine v, and
v, in independent runs (at x,), there are statis-
tical and systematic advantages to measuring
v, and v directly by "double resonances, "as we
shall now discuss. Inasmuch as stopping (polar-
ized) muons can capture electrons of either spin
direction, muonium is formed 50-50 in one of the
upper and lower Zeeman levels, for example,
E=1 M =1 E=O I =0. Thus inducing v, Rnd

v, transitions is completely equivalent. By hav-
ing two microwave fields of the appropriate fre-
quencies v, l simultaneously present, one can
hence induce a resonant spin-flip transition for
each (p.e) atom formed. By keeping v, (v ) con-
stant, one can thus sweep out v (v, ); the resul-
tant "double-resonance" curves mill have twice
the height and width that a single resonance in
v, (or v, ) would exhibit, provided one chooses
the two rf power levels so as to insure equaI
signals in the two single (v„v,) resonances. The
impox tance of this proviso and of the initial
choice of the frequency that is kept constant a&ill
be discussed later.

Experimental arrangement. —The appar3tus
used was substantially that of Ref. 6, except for
the following essential modifications: (a) The
field homogeneity was greatly improved (to &0.1%
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over the relevvant volume) by reducing the end
apertures of the magnet 'thwi iron plugs (see Fig.
). ( ) The microwave cavity (made of Ce

the TM v =
ensxoned for- simultaneous e t txcl a 1on ofe»i (v, =1920 MHz) and TM„, (v =2540

MHz) modes ; an azimuthal maximum of one of
these corresresponds to a minimum of the other
so that both modmodes can be tuned independentl
with two suitably placed quartz rods. Microwave

o ys rons, each driv-power was provided by two kl str
en y a thermostatted, crystal-controlled oscil-
lator. During each run the rf
stable to +1

e r powers were kept

the cho
s a e to +1 0 and the frequencies to +0.01

oice of decoupled modes enabled one to
ppm;

measure their Q's independently.
Experimental procedure and results. —Firs,

single resonances in v, and v, as in Ref. 6 were
aken, with rf power levels hso c osen as to pro-

duce essentially identical 1;d '
signa s; minor power

m e e observeda justments were then made to make the

erf
curves equa . Next, double resonances
p ormed under the same c d t'

were
con actions, varying
r eir sum or theirv, an v, so as to keep eithe th

'

based
difference constant (at "b tes estimate" values
ased on existing knowledge of 4o v, g„', and&bvi
P). Figure 2 shows a typical

obt
a v, resonance so

D
o tained. Inasmuch as the field-d

x affects v and
ie — ependent term

, and v2 with opposite signs, it
cancels in their sum , and one performs in mea-
suring v, essentially a direct field-inde

ermznation of 4v, as in zero fie1de %Ye

produce in Fig. 2 for cornomparison an ac-
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FIG. 2. The upper curvurve is one of th
or e suan of frequencies at 11.830 &1

yp on. The transitions in (F,~ are
and (1, -1)—(0, 0 . Er a a iError bars are countin stati
g standard deviation). Th l
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e ower curve ef
eq

that for .
&10 Torr of kr ypton. It should be noticed

a for a given counting rate
n er is or a I,orentzi

, the error on the fitted
ntzian line proportional to W/It.

CCtual zero-field" resonance. '
Thehe ' r xe corrections addhe quadratic and higher f' ld

owever for v, and it is hence for thisis reso~
particularly important to ko wor at the pro-

er field. Fortunately the d bl
p-

e ou e resonance in
v can itself be exploited to establish theis e correct

ne simply measures v x in the
neighborhood of the "be
fits a. parabola (actually a cubic) of a priori
known curvature to the e ' ' s. ehe experimental points. The
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obtains, for Kr,

b, v(0) = 4463.3040(100) MHz

corresponding to a fractional pressure shift
(FPS) -(1/sv)(eAv/sp) =10.50(32) x10 ' Torr
This I'PS agrees with that found for H in Kr
[-10.4(2) x10 ' Torr ']'; the extrapolation of
(3c) with the latter shift yields, for Kr,

6 v(0) = 4463.3030(62) MHz

(4a)

(4b)

6l 7.80— which is of course consistent with (4a). Similar-
ly, (3d) extrapolates, using an FPS of 5.44(45)
&&10 Torr ', ' to Ar

S v(0) =4463.293(23) MHz (4c)

6I7.72—
I

I I.2

MHz T

H 0= I I .555 {4)k G

I I

I l.4 I l.5 Il,6 kG

FIG. 3. Difference between frequencies versus
static field. Errors g. standard deviation) include
counting statistics and field uncertainties.

which incidentally confirms an earlier result.
Thus the Kr and Ar values for 6 v(0) appear con-
sistent with each other, and we take as the final
value

b, v(0) = 4463.3022(89) MHz (2.0 ppm).

Using Eq. (2c) and assuming that g,.(M) has its
"vacuum value" g, (1—n'/3), one obtains from
(3a) and (3b)

g, /g„'=206. 76509(80) (4 ppm) (5)

parameters of this fit are essentially decoupled,
so that one obtains v (x,) without significant loss
in statistical power. Note that this procedure,
illustrated in Fig. 3, automatically yields the
correct effective average field, properly weighted
with the muon stop distribution (which is con-
stant in time in virtue of the excellent stabiliza-
tion of the beam transport), positron detection
efficiency, etc.

The main series of measurements was done in
krypton at fairly high pressure (230 lb/in. ' at
30'C), interspersing v and v, runs at the same
gas density. Additional measurements of v,
were performed in Kr and Ar at low pressure
for extrapolation purposes. The results are as
follows:

v, (Kr, 11830 Torr) =4462.7504(22) MHz, (3a)

v (Kr, 11830 Torr) =617.7299(12) MHz, (3b)

v, (Kr, 2598 Torr) = 4463. 1824(50) MHz, (3c)

v, (Ar, 3030 Torr) =4463.220(22) MHz, (3d)

where the pressures used as arguments indicate
the "equivalent densities'" in Torr at O'C, while
the errors are standard deviations allowing for
systematic uncertainties.

Extrapolating (3a) with (3c) to zero density one

which is equivalent to

f p/f~ =3.183 373(13). (5')

This latter ratio may be compared with f „/f~
=3.183 36 (3), based on a direct measurement2
of f„. The agreement with (5') suggests that no
correction of the magnitude advocated by Ruder-
man4 appears necessary; this agreement is, how-
ever, statistically not compelling.

Using the theoretical expression' for Av, one
obtains with (5) and (4d)

1/a = 137.036 54(30) (2.0 ppm) (6)

——9.6 + 4 ppm,

Systematic errors. —There are two working

(7)

which agrees well with the currently "recom-
mended"'0 value, 1/c. = 137.036 02(21). Converse-
ly, this agreement can be interpreted as a quan-
titative experimental verification of the QED
corrections" entering Av.

The ratio of the observed hydrogen and muon-
ium hf intervals was formerly used' to obtain
p„/p~ on the assumption that the proton polariza-
bility 6„') is negligible. Now that this moment
ratio is measured [Eq. (5)], one can, using (4d)
and 6 v(pe) = 1420.405 75, '2 derive the value
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hypotheses underlying our method of measuring
v (or v, ): (a) that the frequency not being de-
termined, i.e. , v, (v ), is maintained at its cor-
rect (and unknown!) value v+' (or v '); (b) that
the signals contributed are identical. Obviously
both hypotheses are only approximations to ex-
perimental reality, and we have to discuss the
systematic errors induced by them. The ob-
served signal will have the general form

L(v, ) =L(v, ) =L,[(v,-v, '+bv )-]

+L,[(v, -v, ' —5v )'],
where 5~ = v '—v (i.e. , the departure of v

from its correct value). Thus the center of a
symmetric (say Lorentzian) curve fitted to the

data will in general be shifted with respect to

v, , precisely by a systematic uncertainty 4+.
This uncertainty, which is proportional to 6v,
depends on the differences between I., and I.,
(as measured, see above); a numerical study

gives

(Duke), Dr. E. Ensberg (Yale), and Dr. R. M.
Herman (Pennsylvania State) for several illum-
inating discussions.

Note added in proof. —Since this Letter was sub-
mitted, several relevant new facts have become
known, viz. :

(a) The work of Ref. 3 has been published. " Its
result, f„/f~= 3.183 347(9), agrees with (5') to 2g
and yields with our Av essentially the "recom-
mended" e.

(b) Fulton, Owen, and Repko" have computed
a new QED correction term to Av(pe) which rais-
es this frequency by 5.4 ppm. This entails an in-
crease of e ' by 2.7 ppm for given values of p,

&

and Av t

(c) Using semiempirical extrapolations, Dr. T.
Herman has now suggested that g,.(M) should suf-
fer a pressure shift of -11 ppm under our experi-
mental conditions. Assuming this g,- shift and us-
ing the corrected Av formula of (b), we find f„/
f& =3.183 37(13) in perfect agreement with (a),
and a '-137 =0.0317(30), where the errors con-
tain no allowance for uncertainties in the g,. shift.

Thus, e.g. , in the measurement yielding (Ba)

the uncertainty 6v = 6 kHE in the set value of
v (= 617.732 MHz) contributed A, =1 kHz to the

quoted error. The situation for v is entirely
analogous, except that to obtain (3b) v, was
fixed at its best estimate at this time yielding
~ =0.85kHz.

Another source of potential systematic error
is our neglect of the so-called g, shift, i,e. ,
of the fact that not only ~ v but also g,. can be
affected by collisions with the host gas atoms. "
For Rb in He, where this phenomenon has been

measured, "the effect is small. It is not clear
how one should extrapolate to H in Kr, a case
for which no direct measurement exists. Con-

sidering the theory of effect, in particular Eq.
(15) of Herman, "one would tentatively conclude

that the g,. shift in our case should be negligible.
Like our previous work on muonium, 6 this ex-

periment was made possible through the con-
tinued generosity of many individuals and com-
panies. We are particularly indebted to Dr.
E. L. Ginzton (Varian Associates) for a 4KBSK

klystron and two precision oscillators, and to
Mr. J. Duncan (Owens-Illinois) without whose

enthusiastic cooperation our CerVit cavity could
not have been obtained. We are grateful to
M. Neumann, R. Norton, and T. A. Nunamaker
of this Institute for their unfailing technical as-
sistance, and wish to thank Dr. H. G. Robinson
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Hegge-pole and strong-absorption (diffractive) models are based upon fundamentally
different physical postulates Al.though both reproduce available do/dt and polarization
data, profound differences are evident in basic amplitude structure. We show that mea-
surernents of the spin-rotation parameters 8 and A, for any high-energy exchange pro-
cess, will determine structure of amplitudes and thus provide unambiguous tests of es-
sential assumptions in the models. We examine explicitly the experimentally feasible re-
actions wN —K(A, Z), ZN v(A, Z), and VP Z(A, Z), as well as multiparticle processes.

In this Letter, we stress the importance of
new measurements designed to determine in-
dividual helicity amplitudes. We propose a set
of experiments which will decisively test models
of strong interactions. These experiments are
both feasible and directly interpretable.

There are profound differences between cur-
rent models' which are not merely the result of
alternative parametrizations. For example, dip-
bump phenomena in der/dt are interpreted in com-
pletely different ways in traditional Regge-pole
theory and in the strong-cut Regge-absorption
model (SCRAM)." Although both models repro-
duce available data on differential cross sec-
tions and polarization (P), the basic structure
of helicity amplitudes differs greatly. More
precise data on do/dt and P will serve primarily
to determine better the parameters within mod-
els. Homever, progress in testing underlying
assumptions and in distinguishing among models
demands a more complete set of experiments.
In meson-nucleon scattering, measurements of
the spin-rotation parameters 8 and A are es-
sential. It is also important to realize that
structure in the 8 and A distributions, them-
selves, are un@,mbiguously characteristic of the
models. Indeed, by a simple glance at the ex-
perimental distributions for associated produc-
tion, without detailed fits, one mill be able to
determine immediately whether assumptions
underlying SCRAM are correct. As far as we
are aware, this has not been pointed out before.

It certainly gives great impetus to work with
polarized particles.

In this note, we concentrate on reactions with
hyperons in the final state; examples are I7P- wZ, yP -KA, mP -KwZ. If these are done
with a polarized target (and/or with polarized
photons), the weak decay of the hyperon can be
used to determine the crucial spin-rotation pa-
rameters. In paragraphs which follom, we first
summarize distinctive features of models which
should be tested; secondly, we discuss relevant
experimental observables for meson-baryon
scattering; and finally, we treat photoproduction
and multiparticle processes.

Models' are characterized by quite different
positions and interpretation of zeros of ampli-
tudes. The zeros of Regge-pole theory are the
wrong-signature nonsense zeros. In the exchange
degeneracy form of the Regge-pole theory, these
occur when the signature factor (I+e "

) van-
ishes —i.e., at values of t such that the trajectory
function a(f) =0, -2, (odd signature), or -1,
-3, ~ ~ ~ (even signature). We emphasize that (i)
the location of a given zero is the same in all
spin a.mplitudes; (ii) the location is determined
by the trajectory function and signature of the
exchanged particle, and thus it mill occur at
different values of t for processes dominated by
different trajectories; (iii) the real part of the
amplitude has double zeros at 1 + cos7to. =0,
mhereas the imaginary part has single zeros at
sin&n =0. By contrast, (i) the zeros of SCRAM'
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